Abstract: Large scale windstorms disturbed forest ecosystems in the Tatra Mountains in 2004, and were followed by a severe fire in 2005. A long-term study on the vegetation successional dynamics of the area was launched immediately after the 2005 event. Relevé plots were established under five different disturbance and management treatments: windthrow left, windthrow removed, hydrologically managed, burnt and reference. We used weighted Ellenberg's indicator plant values for ordination analyses of the following environmental gradients: light, temperature, continentality, moisture, acidity, nitrogen. Successional patterns depended on the management treatment. Heavily burnt areas were colonized by plants disseminated by airborn diasporas, mainly by Chamaerion angustifolium, less burnt or unburnt localities were settled by plants germinating from the soil seed bank or by plants surviving by root system. Nitrophilous weed vegetation invaded plots with increased moisture (fallen or standing overstory vegetation or irrigated by man-made system) and nitrogen (burnt or windthrow removal). The felled-area species were recorded in each plot. Abundant natural regeneration was observed in plots with increased moisture. The moss layer disappeared soon after the disturbance events. The results presented here refer to a very early successional stage, new insights into initial successional paterns are gained.
Introduction
Forest stand dynamics involves changes in both species composition and structure (Harper et al. 2002) and those changes are closely related to secondary disturbance. In particular, large-scale disturbances (e.g., windthrow and fire) may profoundly alter the composition and structure of plant communities. Consequently, subsequent changes in vegetation pattern reflect the nature (e.g., intensity, extent, or duration) of previous disturbance (Halpern 1988) . It can take several centuries after a disturbance for a forest to return to its original structure solely by the process of natural succession (Kuuluvainen & Rouvinen 2000; Flachbart 2001) .
Most post-fire or post-windthrow studies have focused on canopy structure and composition dynamics, historic or natural fire regime, and simulation of the effects of prescribed burning (Abrams 1992; Harper et al. 2002; Bergeron et al. 2002; Cissel et al. 1999; Ryu et al. 2006 Ryu et al. , 2007 Ryu et al. , 2009 . Past investigations generally studied stands long after disturbance, even decades or centuries. Few studies have evaluated the understory vegetation succession at the early post-fire or post-windtrow stage; Halpern (1988) is an example of early understory succession after logging, he examined the successional pathways of six forest communities exposed to different intensities of soil disturbance in the western Cascade Range of Oregon and Jane (1986) evaluated early succession after wind damage in New Zealand and determined the principal factors influencing wind damage. Kuuluvainen & Rouvinen (2000) studied the characteristics of understory regeneration on two sites with different history in a mature Pinus sylvestris forest in eastern Finland. In Poland, Holeksa et al. (2008) simulated processes of coarse wood debris decomposition. However, it is rare to evaluate the vegetation succession after intensive disturbance in Slovakia, such examples are the studies on understory and overstory vegetation succession after forest fires in the Záhorská nížina lowland (Novotný 1998) and in the Slovak Paradise National Park (Bevilaqua 2000; Holécy et al. 2004; Jančová 1993 Jančová , 2006 . Moreover, there are not many long-term investigation of vegetation succession after destructive natural disturbances in European forests. Although, blowdowns, bark beetles and airborne pollutants are serious disturbance agents in the Tatra Mountains, Slovakia, there is not much scientific data to provide fundamentals to build ecologically sound manc 2010 Institute of Botany, Slovak Academy of Sciences agement or restoration plan. Therefore, it is critical to understand the natural vegetation succession after disturbance under different environmental conditions. The large-scale blowdown followed by fire in the Tatra Mountains, Slovakia, provides an excellent opportunity to fill this knowledge gap. The objective of this study was to examine the successional pathways of understory vegetation under different management schemes; windthrow left, windthrow removed, hydrologically managed, burnt and reference plots. The investigation is restricted to understory vegetation, since the canopy was completely removed by windstorm or by fire, apart from the reference plot. We are not aware of any previous studies analyzing such early succession pathways.
Material and methods

Study sites
The Tatra Mountains is located at the northern, highest section of the Carpathian mountain range (Central Europe), along the Polish-Slovakian border, and the highest peak is Gerlach, 2655 m a.s.l. On November 19, 2004, the northern down-slope wind (locally named Bora) blew down 12,000 ha of forest, about 2.3 million m 3 of wood. The top wind speed was over 230 km/h. The lee side of the Tatra Mountains has been continuosly, but irregulary affected by similar recurrent events. This was the 7 th large-scale blowdown in this forest since 1915, affecting more-less the same forest sections. The forest, thus, seldom reaches its climax stage due to these natural disturbances. The original canopy (prior to the wind and fire disturbances) was dense and dominated by Norway spruce (Picea abies). The most damaged forest communities were Lariceto-Piceetum and Pineto-Piceetum (Fleischer & Koreň 2008) . According to the classification of the Zürrich-Montpellier School, the communities were classified in the Vaccinio-Piceion alliance as the Vaccinio myrtilli-Piceetum association, which has the characteristics of high stocking and surface fuel loading to create extremely flammable fuel structures. Consequently, a large wildfire hit the windfall area at July 31, 2005, and 250 ha was completely burnt. Fixed phytosociological relevés, fixed "disintegrated" (Glavac 1972 ) relevés and fixed transects are three main approaches of permanent plot study (Fisher 1992) .
Treatment
Five permanent plots were established in 2005 immediately after the windstorm or fire. All the plots are located on glacial moraine sediments with gravel, podzolic cambi soils are developed.
The reference plot (REF) was relatively unaffected by the disturbances, windthrow was cleared from the WDR plot. The WDF plot was not managed after the disturbance. The HMA plot was treated with five contour water-holding dikes constructed with local wood debris. The total innundation area of the dikes was 40 m 2 . The FWB plot was hit by fire on July 31, 2005 (Table 1) .
Sampling
The fixed phytosociological relevé method was chosen because it is considered to be better developed and data collection is simpler than other methods. Initial sampling was conducted immediately after the disturbance events (windfall, fire) in 2005. The plots were sampled in June -July each year.
Each plot was sampled in 2005 and consecutively the same area was repeatedly sampled every year through 2008. Sampling was conducted using the modified Braun -Blanquet abundance scale (Barkman et al. 1964) . Thus, the whole dataset contained 20 relevés. The size of every plot was 400 m 2 (20 × 20 m), and the corners were indicated by wooden pegs and fixed by GPS (WG84 system, Decimal Degree Format). The sides of the plot followed the geographical coordinates.
Data analysis
To explain the effects of different management treatments on permanent plot understory plant communities over time, we used ordinations constrained by explanatory variables. Since the Length of the first gradient was < 2.3 in each case, we used linear reduced-rank regression (RDA) (ter Braak & Šmilauer 2002) .
The Fisher linear discriminant analysis (or canonical variate analysis, CVA) was used for natural regeneration. We checked the Hill's scaling with focus on inter-species distances, using CCA. Since the species variables belong partly to more units, fuzzy coding was used (Ter Braak & Šmilauer 2002) . The few trees left undisturbed by the windstorm and fire were mainly Sorbus aucuparia, which germinated in shade in the understory of the original forest. They were not considered in the analyses because we were interested only in seedlings that germinated under changed conditions. Thus, only seedlings up to 3 years old, not impacted by the previous plant canopy conditions, were included in the ordination analyses. The statistical significance of the explanatory (environmental) variables in canonical methods were determined by Monte Carlo permutation tests (alpha level 0.05). Explanatory variables were tested separately (partial tests).
We used percentage species data without transformation for the ordination analyses. For ecological interpretation of major gradients, weighted Ellenberg's indicator values of plants (Ellenberg 1992) were plotted on a RDA ordination diagram as environmental variables (L -light, T 
Results
Reference (REF plot)
The area was mainly covered by species that were part of the original forest floor vegetation prior to wind disturbance. Vegetation sucession was less dramatic than the other plots. The canopy was partially open due to natural thinning, therefore, light was an important environmental variable after natural, density dependent thinning. The grass Calamagrostis villosa was replaced by Vaccinium myrtillus (Fig. 1 onized by the heliophilous grass Calamagrostis villosa, while Cirsium arvense appeared only in low abundance. In 2007, heliophilous and some nitrophilous Calamagrostis arundinacea also appeared (Fig. 2) . Chamaerion angustifolium, a felled-area species, increased its abundance remarkably in 2007 (Fig. 2) 
Windthrow on forest floor (WDF plot)
The succession pattern of the plot was quite different from other treatments. We did not observe any nitrophilous weed species in this unmanaged forest. Calamagrostis villosa and Avenella flexuosa increased their abundance in 2007 and these species are good indicators of light and water availability (Fig. 3) . Some acidophilous species (e.g. Vaccinium myrtillus) decreased in abundance in 2006. The moss species Dicranum sco- 
Hydrologically managed area (HMA plot)
In the initiale stage (2005), the understory mainly consisted of original forest floor vegetation (e.g., Hylocomium splendens, Dicranum scoparium and others). However, we observed rapid increase in vegetation diversity in 2006, including wet soil indicators, because of construction of water-holding dikes (Juncus effusus, Luzula multiflora, Carex leporina). The diagram is distinctive, showing correlation of nearly all environmental characteristics apart from continentality (Fig. 4) . Light was correlated with temperature (r = 0.93), moisture (r = 0.99), acidity (r = 0.90), and nitrogen (r = 0.82). Moisture was correlated with nitrogen (r = 0.81) and acidity (r = 0.89), while acidity was correlated with nitrogen (r = 0.98). Continentality was negatively correlated with temperature (r = −0.97) and moisture (r = −0.83). Increasing density of Chamaerion angustifolium is attributed to increased nitrogen content and to the shift of acidity to more neutral. 
Fallen wood burnt (FWB plot)
The plot had a patchy mosaic with heavily charred large patches dominated by Chamaerion angustifolium and less burnt, small, scattered patches dominated by the grass Calamagrostis villosa indicating that root systems survived the fire. Four years after the fire, the plot was dominated by the nitrophilous felled-area species Chamaerion angustifolium (88 % cover). Data showed a negative correlation between moisture and other environmental variables (Fig. 5) 
Natural regeneration
Damaged forest stands had been cleared and reforested in [2005] [2006] . Four years after the original spruce tree layer was removed, a new tree layer was developing.
On the cleared area, few seedling of Picea abies and Sorbus aucuparia were recorded and Salix silesiaca was an exception, because it was more abundant. Sorbus aucuparia and Picea abies increased since disturbance on all site types, except for the FWB plot. The immense natural regeneration was ongoing in REF plot (Larix decidua, Padus avium, Picea abies, Sorbus aucuparia), in HMA plot (Picea abies, Sorbus aucuparia, Betula pubescens, Pinus sylvestris, Populus tremula) and in WDF plot (Larix decidua, Picea abies, Sorbus aucuparia, Betula pubescens). In FWB plot, the natural regeneration was restricted to Populus tremula (Fig. 6) . Populus tremula showed an enormous expansion potential. Four years after the fire event, the species created a shrub canopy covering 10% of the plot area.
Discussion
The objectives of this study were to investigate the early successional pathways in five permanent plots established in 2005. The plots were under different management: Windthrow on forest floor (WDF), windthrow removal (WDR), hydrologically managed area (HMA), fallen wood burnet (FWB) and reference stand (REF) . Different successional pathways were observed in different managed plots. The reasons for this difference were due to presence or absence of windthrow, retained understory vegetation and the degree of soil disturbance by fire.
The analyses of vegetation dynamics post disturbance (wind and fire) provided a general overview of the main trends. Open burnt soil surface were colonized by plants germinating from diasporas spreading by wind, mainly Chamaerion angustifolium. Open unburnt or slightly burnt surface were settled by plants germinating from the soil seed bank, which became active, or by surviving underground plant parts like Calamagrostis villosa.
Burning, even if it is of light intensity, can increase total nitrogen (Ryu et al., 2009) , which supported our observation in nitrogen (Fig. 6 ). In the FWB plot the acid humus layer was completely charred, together with plants indicating acidity. Fire generally increase soil pH, especially when the fire intensity is low (Ryu, pers. cont.) . Severly burnt spaces were dominated by nitrophilous Chamaerion angustifolium and less burnt areas, where the root system was not killed by fire, were dominated by the grass Calamagrostis villosa.
Wind and fire are natural disturbances but they are destructive and can easily remove the current overstory vegetation (Fischer 1992, p. 94) . Removal of dominant overstory accelerates succession (Veblen et al. 1989 (Veblen et al. , p. 1218 , such man-mediated acceleration of succession from softwood forests to mixed hardwoodconifer forests occurs in the coniferous forests in the Tatra Mountains when broadleaf saplings are planted. Fire is doubtlessly one of the most important agents determining tree distribution (Abrams 1992) . In Europe, no attention had been paid to the prescribed burning, although high fuel loading can increase the possibility of high intensity fire. Computer modeling has been suggested as an useful tool to study the possible interactions between fuel loading, productivity, and prescribed burning, because it allows testing the interactions under various conditions without disturbing the ecosystem (Ryu et al. 2006, p. 396) . Understanding of the fire regimes that characterize the boreal forest is still somewhat limited and it is inappropriate to extrapolate results from regional studies to all boreal zone. This lack of understanding has often lead to abusive generalizations .
Nitrophilous weed plants invading the permanent plots were Cirsium arvense, Galeopsis tetrahit, Polygonum aviculare, Senecio sylvaticus, Trifolium repens and Urtica dioica. The WDR and FWB plots were mostly invaded by weeds, which were aligned along the axis corresponding with a nitrogen gradient (Fig. 6 ). Weeds were absent in REF and WDF plots where the understory composed mostly the original forest floor vegetation.
The group of felled-area species consisted of Calamagrostis arundinacea, Chamaerion angustifolium, Rubus idaeus and Senecio nemorensis. They were present in the floristic composition of all plots, but were more abundant in WDR, FWB and HMA plots, i.e. where windthrow was removed.
It seems that moisture was a dominant driving environmental variable for natural regeneration. HMA, REF and WDF plots showed abundant natural regeneration and these plots were aligned along an axis corresponding with the gradient in available moisture. Although regeneration may be abundant all over the area following destruction, specific microsites may still enhance regeneration and affect the spatial distribution of seedling (Kuuluvainen & Rouvinen 2000, p. 801) . For example, natural reforestration is more frequent in wet troughs created by uprooted trees.
Influence of disturbance on the abiotic environment was as important as biotic condition. Nutrient leaching was measured with self integrating accumulators -Ca, Mg, K, Fe, Al, N-ammonium, N-nitrate, S and P in WDR, WDF and REF sites (Bishoff et al., 2009) . The loss of all nutrients except P increased due to windfall in the following descending order: WDR > WDF > REF. We believe that the leaching is the lowest in the intact site (REF) because of the plant uptake and that decomposition of plant material led to the higher fluxes for most elements in the WDF site (Bishoff et al. 2009 ). The similar order of nitrogen decrease is shown in Fig. 6 . Mišíková et al. (2009) found differences of CO 2 fluxes among sites. The highest soil respiration was on the REF plot with undisturbed forest stands, which indicates high biological activity at the site (Mišíková et al., 2009) .
The pH level of spring waters in the calamity area is variable, fluctuates in the range 5.28-7.02, probably due to changeable acidity and amount of precipitation or bedrock weathering, not the environmental change caused by disturbance (Magová et al. 2009 ).
The original forest floor moss vegetation consisting of Hylocomium splendens, Dicranum scoparium and others disappeared soon after the disturbance events. Mosses Pogonatum urnigerum and Dicranella heteromalla occured where the soil surface had been disturbed and fresh soil became exposed.
Trends in correlations among light, nitrogen and moisture the the REF and WDF plots were similar. Increasing moisture and vegetation growth caused nitrogen consumption.
The pattern of correlation of the WDR and FWB plots in acidity-moisture, temperature -moisture and acidity -nitrogen was similar. This similarity may be explained by the high nitrogen input to soil. The source of nitrogen was absence of vegetation uptake (WDR) or nitrogen mineralization (FWB). Naturally, these plots differed from each other, mainly in lightnitrogen correlations, which resembles the plot HMA. The main feature that distinguished HMA and FWB plots was correlation between moisture and acidity. The moisture-aciditiy correlation was negative in the FWB plot (r = −0.98) and positive in the HMA plot (r = 0.98). This contrast was probably due to differences in water supply provided by the system of waterholding dikes in HMA.
Although the study was conducted during the very early vegetation successional stage, this four-year investigation permitted us to observe vegetation changes along a time axis.With respect to the Euclidean distance (Fig. 6) , the REF, WDF and HMA plots proved to be in closest proximity; they were aligned along the axis corresponding with the moisture gradient, i. e. the environmental variables were favourable to natural regeneration. FWB and WDR plots demonstrated increase in nitrogen content and these plots were invaded by nitrophilous weeds. Further study is needed to better understand the interrelationship between different management and later, more advanced successional stages. Studies testing the interaction between distinct management methods and succession can help provide missing empirical data on the many possible management approaches.
We think that the differences among plots should be attributed to the differences in disturbance and postdisturbance treatments, because geographical, geological, pedological and climatic condition of the plots are the same, thus the differences shouldn't be put down to inherent underlying differences among plots. The most essential differences among plots inhere in the differences in disturbance and in post-disturbance treatments. After all, all the plots are established in the extent of about 9 km in roughly even altitudes.
